Investigators model noncardiogenic pulmonary hypertension by constricting the pulmonary artery to increase right ventricular afterload. To investigate this model's validity, we compared the right ventricular afterload, quantified as pulmonary input impedance, created by constricting the pulmonary artery and by inducing a pulmonary microvascular injury (with glass beads infused into the pulmonary circulation). The pulmonary injury constriction produced a different right ventricular afterload than the microvascular injury. The constriction increased both the input resistance and the characteristic impedance. Mircrovascular injury increased only input resistance. Physiological levels of lung inflation did not influence pulmonary impedance, but lung hyperinflation increased input resistance both before and while constricting the pulmonary artery or after producing microvascular injury. Total right ventricular power output and stroke work were unchanged during each vascular intervention. Pulmonary artery constriction did not affect power output distribution, whereas microvascular injury decreased oscillatory power and its relative contribution to total power. Lung hyperinflation dramatically reduced right ventricular power and left ventricular stroke work. These effects appeared mediated by right ventricular afterload increase uncompensated for by right ventricular preload increase. These observations help explain the hemodynamic consequences of acute pulmonary hypertension and the effects of lung hyperinflation with positive end-expiratory pressure respiration in such patients. (Circ Res 56: 40-56, 1985) 
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From the Cardiovascular Research Institute, and Department of Medicine, University of California, San Francisco, San Francisco, California SUMMARY. Investigators model noncardiogenic pulmonary hypertension by constricting the pulmonary artery to increase right ventricular afterload. To investigate this model's validity, we compared the right ventricular afterload, quantified as pulmonary input impedance, created by constricting the pulmonary artery and by inducing a pulmonary microvascular injury (with glass beads infused into the pulmonary circulation). The pulmonary injury constriction produced a different right ventricular afterload than the microvascular injury. The constriction increased both the input resistance and the characteristic impedance. Mircrovascular injury increased only input resistance. Physiological levels of lung inflation did not influence pulmonary impedance, but lung hyperinflation increased input resistance both before and while constricting the pulmonary artery or after producing microvascular injury. Total right ventricular power output and stroke work were unchanged during each vascular intervention. Pulmonary artery constriction did not affect power output distribution, whereas microvascular injury decreased oscillatory power and its relative contribution to total power. Lung hyperinflation dramatically reduced right ventricular power and left ventricular stroke work. These effects appeared mediated by right ventricular afterload increase uncompensated for by right ventricular preload increase. These observations help explain the hemodynamic consequences of acute pulmonary hypertension and the effects of lung hyperinflation with positive end-expiratory pressure respiration in such patients. (Circ Res 56: 40-56, 1985) PULMONARY hypertension, manifest as elevated pulmonary artery pressure, and right ventricular dysfunction associated with noncardiogenic pulmonary edema are often fatal (Zapol and Snider, 1977; Sibbald et al., 1978; Sturm et al., 1979) . Although many investigators have studied the lung's pathological and physiological response to pulmonary edema (Staub, 1981; Rinaldo and Rogers, 1982) , there have not been studies of the heart's response to the pulmonary hypertension frequently associated with noncardiogenic edema. In noncardiogenic pulmonary edema, a pulmonary microvascular injury elevates pulmonary artery pressure, and so increases right ventricular afterload, which may make the right ventricle reduce its stroke volume and dilate. Previous investigators have studied the right ventricle's response to increased afterload by constricting the pulmonary artery (Kelly et al., 1971; Bemis et al., 1974; Stool et al., 1974; Pouleur, 1978; Olsen et al., 1983; Visner et al., 1983) . Besides increasing right ventricular afterload, this intervention reduces left ventricular filling (preload) by reducing both pulmonary venous return and left ventricular distensability resulting from the dilated right ventricle competing for the available space within the pericardium (Glantz et al., 1978) . We hypothesized that, since a pulmonary artery constriction reduces the distensability of the proximal arterial wall, and a downstream microvascular injury affects the small resistance vessels, these different interventions would impose different afterloads on the right ventricle. To test this hypothesis, we characterized the right ventricular dynamic afterload by computing the pulmonary artery input impedance and compared the impedance produced by constricting the main pulmonary artery with that produced by a microvascular injury. We determined the histological nature of the experimental microvascular injury to relate our findings to the clinical syndrome of noncardiogenic pulmonary edema (Lamy et al. 1976 ). We also compared both right and left ventricular performance during both interventions. The pulmonary artery constriction subjected the right ventricle to greater dynamic afterload than did a comparable microvascular injury. Inflating normal lungs increases right ventricular afterload (Smith et al., 1982) . When the lungs are injured, pulmonary artery pressure is elevated and the right ventricle is already stressed. Since patients with such problems are often treated by ventilation with positive end-expiratory pressure (PEEP), which results in increased lung volumes, we determined how lung inflation modulates right ventricular dynamic afterload during pulmonary artery constric-tion and microvascular injury. The dynamic afterload was unchanged during phasic respiration, expiration, and inspiration of a normal tidal volume, but hyperinflating lungs significantly increased right ventricular dynamic afterload and this increase depressed both right and left ventricular performance.
Methods Preparation
We studied anesthetized open-chest mongrel dogs that weighed 19.3-25.7 kg. All dogs were premedicated with Benadryl (4 mg/kg) and morphine (2-4 mg/kg), then anesthetized with chloralose (50 mg/kg, iv) and morphine (2 mg/kg, im), with supplemental doses given as necessary to maintain anesthesia. Sodium bicarbonate was infused as necessary to keep the arterial blood pH between 7.35 and 7.45. The dogs were intubated and ventilated with a 350-ml tidal volume using a Harvard model 607 volume cycled ventilator at 18 breaths/min. These settings were adjusted as necessary to maintain the Pco 2 between 35 and 45 mm Hg. When necessary, supplemental oxygen was administered to keep the oxygen saturation above 85%.
We exposed the heart through a left lateral thoracotomy. We studied seven dogs with their hearts outside the pericardium and six dogs with their hearts inside the pericardium. In the first set, we opened the pericardium widely and rested the heart in a pericardium cradle. In the second group, we cut the pericardium vertically across the origin of the great vessels for a length extending from 1 cm superior to the aorta to 2 cm below the inferior margin of the left atrial appendage. This procedure allowed us to remove the heart gently while leaving most of the pericardial sac intact. After instrumenting the heart (as described below), we popped it back into the pericardial sac and loosely sutured the incision from its inferior margin to the level of the inferior border of the great vessels (Tyson et al., 1984) .
We instrumented all hearts with two pairs of hemispheric sonomicrometer crystals sewn to the epicardium (Van Trigt et al., 1981) . The first pair consisted of a crystal on the right ventricular posterior wall (right of the posterior descending artery near the apex) and one crystal on the anterolateral wall (distal to the right ventricular branch and proximal to the marginal branch of the right coronary artery). This pair of crystals provided a chord length along one of the right ventricle's principal directions of shortening (Meier et al., 1980) . The second pair of crystals consisted of one on the left ventricular anterior wall (distal to the take-off of the first diagonal branch of the left anterior descending artery) and one on the posterior wall (left of the posterior descending artery midway between the apex and the atrioventricular groove). This position gave reproducible values and wave shapes during control conditions from dog to dog. The crystals were driven electrically by a four-channel sonomicrometer (Triton Corporation, model 120).
We advanced a 7F Millar micro-tipped pressure transducer (Millar Instruments Co. PC480 Houston, TX) into the pulmonary artery through a stab wound in the right ventricular outflow tract. Similar pressure transducers were advanced into the right and left ventricles from cutdowns on the right external jugular vein and carotid artery, respectively. In the dogs with an intact pericardium, we made this stab wound through a 4-mm slit in the 41 pericardium. We attached all pressure transducers to a Validyne model CD19 solid state bridge amplifiers. The transducer-amplifier system has a flat frequency response to at least 1 kHz. The Millar pressure transducers were turned on and warmed to 37°C for at least 12 hours before the experiment. Repeated drift tests performed on the entire system showed that it drifts less than 0.5 mm Hg/ 5 hours after being warmed up. All transducers were calibrated and balanced to read zero when exposed to atmospheric pressure while at 37°C. This procedure was accomplished by placing the transducers in a tube partially filled with water that was submerged in a constant temperature water bath. To balance and calibrate the transducers, we located the tips just above the water in the tube and pressurized the tube to the desired level. Airway pressure was measured at the mouth from a Statham model P23Db strain gauge pressure transducer attached to the respirator circuit. All transducers were calibrated on the day of the experiment, with a mercury manometer.
A 7F Swan-Ganz catheter (Edwards) was advanced into the pulmonary artery from the external jugular vein to measure cardiac output by thermodilution with an Edwards model 9520A cardiac output computer. We used a large-bore Teflon catheter inserted into the right ventricle through a stab wound in the anterior wall to infuse glass beads into the lungs.
The pulmonary artery was carefully isolated by blunt dissection. A 45-or 50-mm circumference electromagnetic flow probe (Carolina Medical Instruments, model EP445C) driven by an electromagnetic flow meter (Carolina Medical Instruments, model 501) was placed around the proximal pulmonary artery about 3 cm above the valve. The flow measurement system has a flat frequency response to at least 100 Hz.
The pressure transducer was aligned to the proximal edge of the flow probe. The top part of the pericardial incision was left open in those dogs in which the pericardium was resutured to prevent kinking the vessel or obstructing the flow.
The flowmeter was initially zeroed by placing the flow probe in a beaker of saline, nulling it, then balancing it according to the manufacturer's specifications. Zero reference was rechecked during the experiment by assuming end-diastole to have zero flow. We further corrected for baseline drift by programming our computer to adjust the baseline in the digitized data to produce zero flow at enddiastole on a beat-to-beat basis. The flowmeter gain was set using the manufacturer's probe factor based on the dog's hematocrit. We checked the manufacturer's calibration by pumping blood of known hematocrit through an excised pulmonary artery at a known rate. The measured flow was always within 20% of the known flow rate. We also measured cardiac outputs in triplicate using the thermodilution technique throughout the experiment. The cardiac output obtained from the flow probe was consistently within the 80% confidence interval for the mean thermodilution cardiac output.
Protocol
We waited 15 minutes, after completing the instrumentation, for the dogs to stabilize. Data were recorded during phasic respiration, at end inspiration, at end expiration, and during a lung hyperinflation. The lung hyperinflation was produced by clamping the expiratory limb of the respiratory circuit and inflating the lung until we observed at least a 30% reduction in pulmonary artery flow (three to five respiratory cycles). To provide control data at the higher heart rates often observed during the pulmonary artery constriction and microvascular injury, we paced seven dogs from the right atrium at one to three different rates between 120 and 180 beats/min under basal conditions and recorded data during the all inflation states.
We constricted the pulmonary artery by tightening a snare around the pulmonary artery, 1-2 cm distal to the flow probe. We attempted to achieve a 50% increase in pulmonary artery pressure and a 25% reduction in ventricular output.
When the dog was in steady state, we recorded data during phasic respiration, end inspiration, end expiration and lung hyperinflation. We then loosened the snare and repeated measurements during phasic respiration. The dogs then were allowed to return to control steady state.
To produce a distal microvascular injury, we repeatedly injected 1-to 3-g doses of 150-to 200-/an glass beads (model G-2506, Sigma) through the right ventricular catheter. We recorded data after giving each dose of glass beads. We continued to inject glass beads, 1 g at a time, until the dog developed left ventricular systolic blood pressure under 60 mm Hg. Repeat measurements were taken at each dose during all lung inflation states.
All data were recorded continuously on FM analog tape, using a Honeywell model 5600C FM tape recorder, then digitized at 200 samples/sec (Horowitz and Glantz, 1979) for subsequent analysis. The tape recorder has a flat Circulation Research/Vo/. 56, No. 1, January 1985 frequency response to at least 2 kHz. We were limited to recording only 20-30 seconds of data by the severe nature of some of the loads, by the fact that the respirator was turned off during most of the measurements.
Routine hemodynamic variables-including pulmonary artery mean, systolic and diastolic pressures, left and right ventricular end-diastolic and maximum pressures, left and right ventricular end-diastolic and end-systolic dimensions-were obtained from the digitized data. Figure 1 shows typical tracings during the control, pulmonary artery constriction, and microvascular injury. Both vascular interventions increased pulmonary artery pressures. Figure 1 also shows that the lung hyperinflation increases pulmonary diastolic pressures and reduces pulmonary artery flow.
Left and right ventricular dimension stroke work was calculated as
where d and P denote the appropriate diameters or chord and pressures, and W denotes ventricular dimension stroke work, and the integration is over one beat. Right ventricular stroke volume was calculated as the integral of the pulmonary artery flow. Right ventricular volume stroke work was calculated as SW R = SV(P Rmo , -P Red ). 
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FIGURE 1. Representative hemodynamic tracings during control, pulmonary artery constriction, and microvascular injury; recordings are at end-expiration (upper panels). The pulmonary artery systolic pressure is increased during both the pulmonary artery constriction and the mircrovascular injury. The pulmonary diastolic pressure is increased during the microvascular injury. Lung hyperinflation (lower panel) is associated with an increase in pulmonary diastolic pressure and a reduction in pulmonary artery flow. Left ventricular systolic pressure also falls. Right ventricular end-diastolic pressure is increased with little change in right ventricular chord length. Left ventricular dimensions fall.
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Left ventricular volume stroke work was calculated as
where SV is the right ventricular stroke volume measured with the electromagnetic flow prob. Complete hemodynamic measurements were obtained during baseline conditions and glass bead microvascular injury in all 13 dogs. Two dogs did not have a pulmonary artery constriction series to ensure that the effects observed during the microvascular injury were not confounded by application of the pulmonary artery constriction. Seven dogs were paced at rates between 120 and 180 during baseline conditions. Complete sets of data for lung hyperinflation were obtained in 10 dogs
Quantification of Right Ventricular Dynamic Afterload with Pulmonary Vascular Impedance
The pulmonary artery input impedance spectrum more completely characterizes the right ventricle's dynamic afterload than either pulmonary artery pressure or pulmonary vascular resistance. Impedance represents the pulsatile nature of the circulation, and all the factors that contribute to the arterial load (arterial wall distensibility, blood viscosity, cross-sectional area of vascular bed) that the right ventricle must overcome (Bergel and Milnor, 1965; Milnor, 1982) . We estimated the pulmonary artery input impedance as the ratio of the Fourier transform of pulmonary artery pressure to the Fourier transform of the pulmonary artery flow, Z(f)=P(0/Q(0in which Z(f) is the pulmonary artery input impedance and P(f) and Q(f) are the Fourier transforms of the pulmonary artery pressure and flow, respectively. Z, P, and Q are complex-valued fractions of frequency, f. The magnitude of Z describes the relative magnitudes of the pressure and flow components at frequency f, and the phase of Z describes the phase difference between the pressure and flow components at frequency f.
Two values of impedance, Z(f), have special physiological significance. The input resistance is the pulmonary input impedance at O Hz, Z O/ the ratio of mean pressure to mean flow. Zo depends on the cross-sectional area of the pulmonary vascular bed and the mean left atrial pressure. However, Z o is not equal to commonly used pulmonary vascular resistance, which is mean pulmonary artery pressure minus mean left atrial pressure divided by mean pulmonary flow. The characteristic impedance, Z in f, is the average magnitude of the impedance at high frequencies. (Many investigators use Z o to denote the characteristic impedance, rather than Zi n f. We believe it is more logical to denote impedance at zero frequency by Zo and impedance at high frequencies-the characteristic impedance-by Z| nf .) Z in f represents the pulsatile component of the impedance. It depends on vascular wall compliance and blood inertia. Hence, changing proximal arterial wall stiffness (such as that produced by constricting the pulmonary artery) should alter the static component of impedance, Z o , as well as the pulsatile component, Zi nf . In contrast, microvascular injury should increase Z o without changing Z inf .
Calculation of Pulmonary Vascular Impedance from Digitized Data
We estimated the Fourier transforms of pulmonary artery pressure and flow by computing Fast Fourier Trans-43 forms from our digitized data using the IMSL routine FFTRC (IMSL Library, 1980) . Our approach differs from that taken by many previous investigators, who implicitly assumed that the pressure and flow signals were strictly periodic, and used these data to compute a Fourier series. They then estimated the pulmonary input impedance by computing the ratio of the pressure and flow amplitudes at each harmonic of the heart rate. This classical method is a special case of the method we used, because, if the signal is strictly periodic, the Fourier series and Fourier transform will yield identical results, with all the information concentrated at the harmonics of the heart rate (Glantz, 1979) . In other words, one could obtain a spectrum analogous to those reported by earlier workers from our results by simply choosing only those points that occur at the harmonics of the heart rate. Since the pulmonary input impedance values calculated at frequencies between the heart rate harmonics fall more-or-less along a smooth curve connecting the points obtained at the harmonics, our approach and the traditional Fourier series approach lead to similar conclusions. The advantages of the Fourier transform approach are that it avoids the necessity of assuming that the heart performs in a strictly periodic manner and that it yields information at frequencies between the harmonics of the heart rate, i.e., better frequency resolution.
There are several practical difficulties that one must address to obtain reliable estimates of the pressure and flow transforms (Brigham, 1974) . The problem of aliasing, resulting when high frequency signals masquerade as low frequency signals, is minimized by a 200-Hz sampling rate, which is well above the rate required by the sampling theorem. We sampled two experiments at both 200 and 500 Hz and compared the results to ensure that the 200-Hz rate was adequate. To reduce extraneous noise further in our estimates of the pressure and flow spectra, we divided each 20-second data set into four subsets 5 seconds long, transformed each subset, then averaged the results. This procedure reduced the standard error of the estimated transform by 50%, but still maintained a frequency resolution of 0.2 Hz.
Leakage is another potential problem. This noise, introduced by sampling from a window that does not start and end at the same place in an approximately periodic signal, was minimized by choosing subsets of data that included an integral number of beats. For example, had we sampled from some point in mid-systole to end-diastole, we would have introduced a significant implied discontinuity in our data (Brigham, 1974) . This problem would introduce unpredictable noise at all frequencies of the pressure and flow transforms. The following procedure was used to minimze leakage. Each data subset was started at enddiastole and terminated at the last end-diastole within 5 seconds. We then made each data subset the same length as the shortest subset by deleting points immediately preceding the last end-diastole. This procedure kept the frequency increments the same for all four transforms (so that they could be averaged), but avoided introducing significant leakage due to large implied discontinuities, because the pressure and flow are both changing slowly immediately before end-diastole.
One needs to be careful in applying this procedure, because if the shortest data subset is substantially shorter than the others, this algorithm could "back up" into systole in the last beat in the longer data subsets. It could also create a situation where the last beat is artificially shortened and, hence, would introduce artificial nonperiodici- ties into the transform. In short, the very procedure we adopted to reduce leakage could create it. Therefore, we checked each set of data to see that there were only small differences in the lengths of the data subsets and the pressures and flows at the beginnings and ends of the data subsets. With the respirator off (at end expiration, held inspiration, or lung hyperinflation), the data subsets were shortened only by a few samples (median = 5 samples; 25th percentile = 1 sample; 75th percentile =14 samples) which represents only 5% of an average beat duration (heart rate =124 beat/min). Likewise, the variation in starting and ending pulmonary artery pressure was small, with a standard deviation below 1 mm Hg. As expected, there was more variation during phasic respiration (median samples deleted = 14, representing 14% of average heart rate; standard deviation in starting and ending pressure less than 2 mm Hg). The flow signals were always near zero at the start and end of the data segments. Thus, the procedure we adopted to minimize leakage did not inadvertently introduce it. There is very little pressure or flow information at frequencies above 14 Hz, and the noise contribution in this range is considerable (Hammon et al., 1981) . Figure 2 shows typical transforms of the pressure and flow data. Note that, since the pressure and flow pulses are nearly periodic, most of the energy is concentrated at harmonics of the heart rate. The spectra are displayed to 28 Hz, although, at the higher frequencies, the background noise obscures the signal. To avoid errors in the computed impedance due to dividing by very small numbers that are in the range of the noise, we used the pressure and flow tranforms to select a noise threshold that had to be exceeded for each point to be used in the impedance computation. We set this threshold at the top of the 90% confidence interval for the signal observed above 20 Hz on the assumption that all energy in this range represents noise. The horizontal lines at the right edges of the spectra in Figures 2, A and B, show this threshold for the data presented here. (The ability to set this threshold objec-tively for each data set is another advantage of using the Fourier transform. Figure 2C gives the impedance spectra calculated from these two transforms in panels A and B.
The characteristic impedance, Zw, cannot be measured directly because of the wave reflections caused by vascular branching and tapering. It can, however, be estimated by averaging the impedance moduli at high frequencies.
Like Hammon et al. (1981) , we estimated the characteristic impedance by averaging the impedance moduli between 7 and 14 Hz. There is very little information above this range that could be of use in this estimate.
Right Ventricular Power Output
To describe the right ventricle's response to the pulmonary artery constriction and the microvascular injury, we computed the right ventricle's power output. The total power output can be broken into steady flow power and oscillatory power (Milnor et al., 1966) . The former represents the power generated to maintain cardiac output; the latter represents the extra power necessitated by the pulsatile nature of the cardiac pump. The steady flow power is the product of the mean pressure and the mean flow, given by their Fourier transforms at O Hz:
The pulsatile (oscillatory) power is the sum of the products of the pressure and flow transforms at all non-zero frequencies
in which <j> is the phase offset between the pressure and flow transforms. The total power equals the sum of the steady flow power and pulsatile power,
Assessment of Lung Injury
We measured lung water in eight dogs, using the method of Pearce et al. (1965) to determine the extent of lung injury created by injecting the glass beads. We also obtained control measurements from lungs of three dogs used for other experiments. A measured amount of water was added to the lungs, which were then homogenized. Duplicate aliquots of the homogenate were weighed and subsequently allowed to dry for 48 hours in an oven at 85%C. Another pair of homogenate samples were centrifuged at 1700 rpm for 1 hour, and the supernatant extract was also weighed and dried. Duplicate hemoglobin concentrations taken from a blood specimen collected from the pulmonary veins at the end of the experiment and from the supernatant samples were determined. The blood specimens were also weighed and then allowed to dry. The total mass of glass beads injected was subtracted from both the wet and dry weights of the lung (Malik and Van der Zee, 1978) . The lung blood volume and lung extravascular water content were calculated from these data.
Postmortem lung and heart specimens were also obtained for routine histology to determine the microscopic nature of the microvascular injury created by the glass beads, and to verify that none of the beads lodged in the coronary circulation.
Statistical Analysis
Results are summarized as mean ± SD. We averaged the impedance spectra from different dogs by accumulating the data into bins 0.2 Hz wide, then computing the means and standard deviations of the modulus and phase within each bin.
We used two different approaches to test hypothesis about our data. First, we used a repeated measures analysis of variance to compare values of the hemodynamic variables we observed at the spontaneous heart rate during baseline conditions, during pulmonary artery constriction, and following the dose of glass beads that came closest to doubling the pulmonary resistance. The presence or absence of the pericardium was taken as a grouping factor. The vascular intervention (baseline, pulmonary artery constriction, glass beads) and the lung inflation state (phasic respiration, held inspiration, held expiration, lung hyperinflation) were taken as trial factors. We also did repeated-measures analysis of variance on each pair of trial factors to compare each cell of the appropriate trial factor directly with others; differences were judged significant if P was less than 0.05 after applying a Bonferroni correction. The results of both the global analysis and the paired comparisons are reported in Table 1 . All computations were done with BMDP2V (Dixon, 1981) .
This approach has the advantage of being relatively straightforward and easy to summarize, but has the disadvantage of permitting us to use only a small fraction of the data we collected. It also ignores potential multivariate relationships between the variables of interest. Therefore, we also subjected our data collected at all doses of glass beads and all spontaneous and paced heart rates to a stepwise multiple linear regression analysis with BMDP2R (Dixon, 1981) . We took the input impedance, characteristic impedance, and right ventricular stroke volume as dependent variables and dose of beads, right ventricular end-diastolic dimension, heart rate, and airway pressure as independent variables, along with dummy variables, to model the influence of the specific vascular conditions, the presence or absence of the pericardium, and betweendog variability. We also performed a regression analysis on data for each dog separately. The results of the dogby-dog analysis and the analysis of the pooled data were similar.
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Results were considered statistically significant when P was below 0.05.
Results
Nature and Severity of Lung Injury
The dose of glass beads necessary to double pulmonary input resistance was not significantly different for dogs with and without pericardia (6 ± 2 vs. 7 ± 3 g). Lung histology revealed an inflammatory response characterized by hyperemia and polymorphonuclear infiltration after glass bead infusion (Fig.  3 ). Intraalveolar hemorrhage also was observed. The lung watendry weight ratio, corrected for the mass of infused glass beads, was significantly increased (3.9 ± 0.9 vs. 2.5 ± 1.4 for control lungs, P < 0.05 by unpaired f-test). These data show that the beads produced a significant microvascular injury with evidence of pulmonary inflammation and hemorrhage and an increased amount of lung water.
The microvascular injury also reduced lung compliance. Figure 4 shows a plot of airway pressure against tidal volume. This figure shows that microvascular injury produced higher airway pressures for a smaller tidal volume than during control. In contrast, constricting the pulmonary artery did not alter the relationship between tidal volume and airway pressure. Airway pressure was also increased at all levels of inflation during the microvascular injury (Table 1) . Because the tidal volume was essentially constant throughout these experiments, the increase in airway pressure is further evidence that the microvascular injury decreased lung compliance consistent with an acute lung injury.
Effect of the Pericardium
Opening the pericardium significantly reduced left ventricular diastolic pressure. Whether the pericardium was open or closed did not significantly affect pulmonary input impedance or ventricular systolic function. As a result, the descriptive statistics represent data pooled from all experiments whether the pericardium was closed or open.
Effects of Vascular Interventions
Impedance Figure 5 shows the pulmonary artery input impedance spectra averaged over all dogs for expiration and for lung hyperinflation during baseline, pulmonary artery constriction, and the microvascular injury. The dark lines show the mean impedance and the light lines one standard deviation above and below the mean impedance. The values for Z o and Z inf , as well as the phase information, we obtained during baseline were comparable to those reported by earlier investigators (Bergel and Milnor, 1965; Elkins and Milnor, 1971; Reubin et al., 1971; Elkins et al., 1974; Pouleur et al., 1978; Hopkins et al., 1979; Hammon et al., 1981) . Figure 6 summarizes the results for all experimental conditions. Both pul- Results are expressed as mean ± SO. n = 13 for basal and microvascular injury, n = 11 for pulmonary artery constriction, n = 10 for lung hyperinflation, PAP = mean pulmonary artery pressure, PAP S = systolic pulmonary artery pressure, PAP D = diastolic pulmonary artery pressure, RVEDP = right ventrticular end-diastolic pressure, LVEDP = left ventricular end-diastolic pressure, SV = stroke volume, HR = heart rate, DSWL = left ventricular dimension stroke work, DSWR = right ventricular dimension stroke work, VSWR = right * V = significant vascular effect; L = significant lung inflation effect; P = significant pericardial effect; P < 0. resistance even further, but did not affect characteristic impedance. The pulmonary artery constriction increased input resistance, Z o , to 170% of control, and the microvascular injury increased it to 215% of control.
Neither impedance parameter changed with lung inflation state during physiological tidal volumes (phasic respiration, during held expiration, or held inspiration).
The absence of a preceding pulmonary artery constriction in two dogs did not affect the impedance spectra during the microvascular injury. Multiple linear regression analysis confirmed these results. Multiple linear regression analysis also confirmed that changes in heart rate during control conditions produced by pacing did not affect the impedance spectra. This same analysis also confirmed that characteristic impedance, Z in f, increased significantly during pulmonary artery constriction but not during microvascular injury. 
FIGURE 5. The pooled pulmonary artery impedance spectra at expiration and lung hyperinflation during control, pulmonary artery constriction and microvascular injury. The dark line represents the mean value of impedance at each frequency. The light lines represent standard deviation above and below the mean. Panel A shows control pulmonary input impedance. Panel B shows that pulmonary artery constriction increases both the input resistance and characteristic impedance. Panel C shows that the microvascular injury increases the input resistance above control. Lung hyperinflation increases the input resistance further for the control state and each vascular intervention (panels D, E, and F). All data were recorded at end-expiration.
conditions at different heart rates. Consistent with the findings of earlier investigators (Bergel and Milnor, 1965) , multiple linear regression analysis demonstrated that changing heart rate did not significantly affect the impedance.
This result also provides additional support for the accuracy of the impedance spectra derived using the entire Fourier transform of the pressure and flow data, rather than just the peak values at the harmonics of the heart rate one obtains from a Fourier series. Earlier investigators who used Fourier series analysis increased their frequency resolution by pacing at a variety of heart rates; we were able to obtain the same information from data at a single heart rate using the Fourier transform. If leakage at the frequencies between the harmonics of the heart rate was a problem, the spectra computed using different heart rates (i.e., having the harmonics at different frequencies) would probably yield different results. The fact that the spectra from all the heart rates were similar is further evidence that the computational approach we used yielded accurate results.
Pressures
Both pulmonary artery constriction and microvascular injury increased the mean and systolic pulmonary artery pressures (to 149% and 171% of control, respectively; see Table 1 for actual values). Only microvascular injury increased the pulmonary artery diastolic pressure (to 150% of control). There was no significant change in the right ventricular end-diastolic pressure during either vascular intervention. Held insp = held inspiration; Held exp = held expiration; Hyperinf = hyperinflation; Zo = pulmonary input resistance; Zw = pulmonary characteristic impedance.
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FIGURE 6. Panel A: pulmonary input resistance, Z a at each lung inflation state (P = phasic respiration, I = end-inspiration, E = end-expiration, H = lung hyperinflation) during control, pulmonary artery constriction, and microvascular injury. Both pulmonary artery constriction and microvascular injury increase the input resistance for each lung inflation state. Lung hyperinflation always increases Z o even further. No significant changes were noted between phasic respiration, inspiration, or expiration during control or either vascular intervention. Panel B: pulmonary characteristic impedance, ZM, at each lung inflation state, during control pulmonary artery constriction, and microvascular injury. Only pulmonary artery constriction increased the characteristic impedance. Neither the microvascular injury nor lung hyperinflation had any effect on Zw.
* Table shows results for only one rate, even though several dogs were paced at two or three different rates. The statistical analysis used data for all rates.
f Heart rate in beats/min. 
. The relationship between stroke volume and input resistance, Z o (A), and characteristic impedance, Zfri (B), during all vascular interventions and all lung inflation states in all 13 dogs. Stroke volume is inversely related to input resistance, but is unrelated to the level of characteristic impedance.
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Ventricular Performance
Both pulmonary artery constriction and the microvascular injury decreased right ventricular stroke volume significantly and to a similar degree (to 70% of control). This decrease in stroke volume was inversely related to the input resistance (r = 0.67, P < 0.05 for SV vs. 1/Z O ), regardless of the vascular intervention or lung inflation state (Fig. 7A) . In contrast, right ventricular stroke volume was not related to the characteristic impedance Z inf (Fig. 7B) .
Right ventricular dimension and volume stroke work did not change significantly with either vascular intervention. Right and left ventricular enddiastolic dimensions did not change significantly with vascular intervention. Pulmonary artery constriction decreased left ventricular dimension stroke work (to 63% of control) but did not significantly affect volume stroke work; microvascular injury did not significantly affect either measure of left ventricular systolic function.
Right Ventricular Power Output
The right ventricular steady flow power increased slightly, but not significantly, during both the pulmonary artery constriction and microvascular injury (Fig. 8) . The pulsatile power did not change during the pulmonary artery constriction, but fell significantly (to 66% of control) during the microvascular injury. The reduction of pulsatile power during microvascular injury meant that a smaller proportion of the total power output of the right ventricle was manifest as pressure and flow oscillation than during control or pulmonary artery constriction. 8. Right ventricular steady flow power  (dark bars) and oscillatory power (open bars) at  each lung inflation state during control conditions, pulmonary artery constriction, and microvascular injury. Neither vascular intervention affects the absolute value of steady flow  power, but microvascular injury reduces the  oscillatory power and its relative contribution  to the total power output. Lung hyperinflation  reduces both steady flow and oscillatory 
Effects of Lung Hyperinflation
Lung hyperinflation had dramatic effects over and above the effects observed during the pulmonary artery constriction or microvascular injury. Because these effects were not observed at physiological levels of lung inflation (phasic respiration, held inspiration, held expiration), they deserve special attention. All changes ascribed to lung hyperinflation are compared to the pooled observations of phasic respiration, expiration, and inspiration during each vascular intervention as their control.
Impedance
Lung hyperinflation dramatically increased pulmonary input resistance, Z o , regardless of the nature of vascular intervention (to 203% of control during baseline, 213% of control during pulmonary artery constriction, and 225% of control during microvascular injury). In sharp contrast, lung hyperinflation did not significantly change the characteristic impedance, Z inf (Figs. 5 and 6 ).
Pressures
Lung hyperinflation significantly increased pulmonary artery and right ventricular end-diastolic pressures. Right ventricular end-diastolic pressures increased during all conditions (to 124% of control during baseline, 126% of control during pulmonary artery constriction, and 131% of control during microvascular injury), whereas pulmonary artery diastolic pressure increased only during baseline and pulmonary artery constriction.
Ventricular performance
Lung hyperinflation reduced right ventricular stroke volume, right ventricular volume and dimension stroke work, and left ventricular dimension stroke work. It reduced right ventricular stroke vol-ume to 62% of control during baseline, to 55% of control during pulmonary artery constriction, and to 50% with the microvascular injury (Table 1) . It reduced right ventricular stroke work volume and dimension, especially when the pulmonary artery pressure was high from either vascular intervention. (Volume and dimension stroke work fell to 46% and 92%, respectively, of control during baseline, to 36% and 30% during the pulmonary artery constriction, and to 48% and 32% with the microvascular injury). Lung hyperinflation cut both left ventricular stroke work volume and dimension approximately in half with each intervention.
Lung hyperinflation had variable effects on left and right ventricular dimensions. Lung hyperinflation did not significantly change right ventricular end-diastolic dimension during baseline conditions. Lung hyperinflation significantly reduced right ventricular end-diastolic dimensions (to 94% of control) during pulmonary artery constriction and microvascular injury (to 96% of control). It consistently reduced left ventricular end-diastolic dimension when the pericardium was intact. Lung hyperinflation did not consistently change left ventricular end-diastolic dimension when the pericardium was open.
Right Ventricular Power Output
Lung hyperinflation significantly reduced both steady flow power (to 70% of control during baseline, 51% during pulmonary artery constriction, and 36% during microvascular injury) and pulsatile power (to 42% of control during baseline, 21% during pulmonary artery constriction, and 31% during the microvascular injury), resulting in a drastically lower total power output (Fig. 8 ). Despite this reduction in total power, lung hyperinflation per se did not affect the distribution of power between steady flow and pulsatile power. Malik and Van Der Zee (1978) first described the use of glass bead infusion to create a microvascular lung injury. They reported an increase in lung lymph flow and lung water following the injury, but did not describe the injury's histological nature. Our histological examination revealed a significant parenchymal lung injury. Evidence for both an inflammatory response (hyperemia and polymorphonuclear leukocyte infiltration) and intraalveolar hemorrhage were observed, and were similar to changes previously observed (Lamy et al., 1976) in adult respiratory distress syndrome. These findings, combined with the elevated lung water, reduced lung compliance, and reduced pulmonary hypertension, confirm that the glass bead injury resembles the clinical syndrome of noncardiogenic pulmonary edema well enough to provide a useful experimental model to study the hemodynamic responses to this disease.
Discussion
We compared this model with pulmonary artery constriction to show that not all forms of pulmonary hypertension present this same dynamic afterload to the right ventricle. By quantifying afterload as pulmonary artery input impedance, we found that the dynamic afterload that the right ventricle faces during a proximal pulmonary artery constriction is greater than during a microvascular injury. When both interventions approximately doubled the input resistance, Z o , only the pulmonary artery constriction increased the characteristic impedance, Z inf . This increase in Z in f means that the right ventricle had to expend more power overcoming the resistance to the pulsatile components of pressure and flow to maintain a given mean flow than during a comparable microvascular injury.
Both vascular interventions decreased right ventricular stroke volume without changing either the right ventricular dimension or volume stroke work or the total power output. Hence, both interventions had similar effects on right ventricular performance.
Neither pulmonary artery constriction nor microvascular injury depressed left ventricular volume stroke work. Pulmonary artery constriction depressed left ventricular dimension stroke work, however. This difference in responses of left ventricular volume and dimension stroke works suggests-but does not prove-that the pulmonary artery constriction is affecting left ventricular function by changing its geometry. Others (Kelly et al., 1971; Stool et al., 1974; Glantz et al., 1978; Olsen et al., 1983; Visner et al., 1983) have shown that pulmonary artery constriction changes left ventricular geometry by reducing septal-free wall diameter more than anterior-posterior diameter.
Our observations about left and right ventricular systolic function based on measurement of left ventricular anterior-posterior diameter and right ventricular chord length reflect regional function only. The volume stroke work for each ventricle probably gives a better view of overall ventricular work. The Research/Vo/. 56, No. 1, January 1985 disparity between the left ventricular dimension and volume stroke work results might be explained by a change in cardiac geometry involving regional diameters or patterns of systolic wall thickening that is insufficient to depress volume stroke work. Whereas we have insufficient data to determine the exact nature of the altered left ventricular function, our data suggest some change during pulmonary artery constriction. We have no evidence of any change in left ventricular geometry or function during microvascular injury. Further experiments using both septal-free wall and anterior-posterior dimensions are needed to confirm that a microvascular injury did not alter ventricular geometry, before firm conclusions about ventricular function can be drawn. Unfortunately, limitations in the number of channels of data that could be recorded precluded measurement of both septal-free wall and anteriorposterior dimensions in the present study, so that the explanation of our results must remain tentative.
Circulation
The distribution of right ventricular power output differs during pulmonary artery constriction and microvascular injury. The level of pulsatile power and its relative contribution to the total right ventricular power output were reduced, compared to control, during the microvascular injury, but were unchanged during the pulmonary artery constriction. Since oscillatory power is required because of pressure and flow pulsations, a reduction in its relative contribution preserves energy required to maintain cardiac output. This situation was not observed during pulmonary artery constriction.
The reduction in pulsatile (oscillatory) power observed during microvascular injury is likely, in part, to be secondary to the 10% increase in heart rate from control that we observed. Milnor et al. (1966) showed that pulsatile power falls as heart rate increases. They attributed this reduction in oscillatory power to two factors. First, the flow moduli fall steeply as the fundamental frequency (i.e., the heart rate) increases from 0 to 3 Hz, suggesting a ratedependent change in the harmonic structure of flow waveform. Second, stroke volume decreases as heart rate increases, resulting in waveforms with smaller amplitude. Hence, smaller pulsations would require less energy to maintain a given cardiac output. During pulmonary artery constriction, we found that the magnitude of oscillatory power and its relative contribution to total power output was maintained near control values, despite an increase in heart rate similar to that observed during microvascular injury. We suspect that oscillatory power remains near control levels during the pulmonary artery constriction because the characteristic impedance increases. This increase in characteristic impedance, Z in f, increases the oscillatory power while the accompanying increase in heart rate decreases oscillatory power. The net effect of these opposing influences is that the oscillatory power remains unchanged during pulmonary artery constriction.
The response of the pulmonary artery pressure and flow waveforms to alterations in pulmonary input impedance is similar to the response of systemic waveforms observed in studies of the systemic impedance spectra using both isolated heart preparations (Imperial et al, 1961; Salisbury et al., 1962; Elzinga et al., 1973) and intact dogs (O'Rourke, 1967; Urschel et al., 1968; Walker, 1975; Levken and Kiil, 1975; Nichols et al.,1980) . Increasing either aortic input resistance or characteristic impedance reduces left ventricular stroke volume and increases systolic aortic pressure; the mean and diastolic aortic pressure fall with increasing characteristic impedance (Nichols et al., 1980) , but they increase with an increase in input resistance. Although the mean pulmonary artery pressure did not fall with the increase in characteristic impedance produced by the pulmonary artery constriction (because the pulmonary diastolic pressure did not change significantly), we have demonstrated that pulmonary waveforms have similar responses in systolic pulmonary pressure and right ventricular stroke volume. The peak systolic pulmonary pressure increased and the right ventricular stroke volume decreased when either characteristic impedance or input resistance was increased. The increase in input impedance produced by the microvascular injury also increased both the mean and the diastolic pulmonary artery pressure to a degree similar to the response noted in the systemic circulation. Therefore, changes in either the input resistance or characteristic impedance in the pulmonary circulation produce alterations in the pulmonary artery analogous to those seen in the systemic circulation. Elkins et al. (1974) studied pulmonary artery input impedance in dogs with chronic pulmonary hypertension produced by embolizing 3 X 4-mm acrylic beads into the pulmonary artery. The values for pressures and pulmonary artery input impedance they observed under control conditions were similar to ours. Despite the fact that their intervention produced much more severe pulmonary hypertension than we did (mean pulmonary artery pressure was 44 mm Hg compared to 24 mm Hg in our study), their data do not show a significant increase in Z inf (P > 0.15 by both unpaired t-and Mann-Whitney tests). In contrast to our results during microvascular injury, their data do not show a fall in either steady flow or pulsatile power. This difference may be due to the fact that the obstruction produced by Elkins et al., with their relatively large 3 X 4-mm beads, is more similar to a pulmonary artery constriction than the microvascular injury we produced with our 150to 200-/um beads, which block more distal resistance vessels. Pouleur et al. (1978) clamped a main branch of the pulmonary artery, resulting in an increase in the impedance spectra magnitude up to the first three harmonics. Our results are consistent with their study.
The influence of pharmacological agents on the pulmonary input impedance has been studied by 53 Bergel and Milnor (1966) , Reuben et al. (1971), and Hammon et al. (1981) . The microvascular injury that we produced increased the input resistance without a change in the characteristic impedance. Our result differs from that of Hammon et al. (1981) , indicating that both pulmonary input resistance and characteristic impedance increase when serotonin was infused. These authors suggested that the increase in characteristic impedance observed during the serotonin infusion was the result of increased vascular tone in the proximal artery bed. In contrast, we believe that the glass beads produced a more distal injury than the site of serotonin action, without any accompanying vasoconstriction of the proximal vasculature. Thus, only the input resistance was increased.
The pericardium has been shown to have a significant effect on the diastolic properties of the heart (Elzinga et al., 1974; Shirato et al., 1976; Glantz et al., 1978; Janicki and Weber, 1978; Stokland et al., 1980) ; we found that removing it significantly reduced left ventricular diastolic pressure. As would be expected from the findings of Misbach and Glantz (1979) , we did not find that the pericardium had a significant influence upon either ventricle's systolic response to an afterload increase due to pulmonary artery constriction of microvascular injury.
Lung hyperinflation always increased input resistance because it reduced pulmonary flow and increased diastolic pressure. The increase in input resistance during lung hyperinflation is similar to the increase that Bergel and Milnor (1965) observed when they serially increased lung volume, and that Smith et al. (1982) observed during ventilation with positive end-expiratory pressure (PEEP). These investigators explained their results by proposing that increased intraalveolar pressure during lung hyperinflation exceeded both arterial and venous pressures and collapses small intraalveolar vessels Permutt et al., 1961) . We have demonstrated that this effect occurs not only in normal lungs, but also when the lungs are injured.
During lung hyperinflation, right ventricular stroke volume, steady flow power, and oscillatory power were drastically reduced, right ventricular end-diastolic dimension was unchanged, and right ventricular end-diastolic pressure was increased. Lung hyperinflation also reduced left ventricular volume and dimension stroke work and left ventricular end-diastolic dimension, and increased left ventricular end-diastolic pressure. Therefore, lung hyperinflation when pulmonary artery pressure is already high, due to pulmonary injury, and right ventricle is already stressed, may further reduce right ventricular output and work. Lung hyperinflation further increased right ventricular afterload, beyond the increase caused by pulmonary artery constriction or microvascular injury, and, in turn, further depressed both right and left ventricular systolic function.
Two main conclusions can be drawn from these observations. First, the dramatic reductions in right ventricular stroke volume and power during lung hyperinflation were brought about largely by an increase in the pulmonary input resistance without a compensatory increase in right ventricular enddiastolic size or preload. Ordinarily, one would expect right ventricular preload to increase to maintain output when the afterload is suddenly increased, but this adjustment does not occur with lung hyperinflation. Quite to the contrary, lung hyperinflation hampers the right ventricle's ability to adapt to the resulting increased afterload. This increase in right ventricular afterload without a compensatory increase in preload occurred regardless of the nature of the vascular intervention.
This observation has special relevance when treating a patient with respiratory failure and pulmonary hypertension with mechanical ventilation and positive end-expiratory pressure (PEEP). Because PEEP also increases lung volume, although not to the same extent as in our experimental preparation, our findings suggest that the reduction in cardiac output observed when positive end-expiratory pressure is instituted is not simply related to reduced right ventricular preload, but may be related more to the increase in right ventricular afterload and the accompanying inability of the right ventricle to compensate for it by increasing its preload. Therefore, we agree with Smith et al. (1982) and Rankin et al. (1982) that one of the primary mechanisms by which lung hyperinflation or PEEP decreases cardiac output is by depressiong right ventricular stroke volume because of the increased pulmonary input resistance.
Second, lung hyperinflation reduces left ventricular preload. It does this not only because the right ventricle's stroke volume is reduced, but, also, because it changes both ventricles' diastolic pressurevolume relations. Although we left our thoracotomy and both pleural spaces open to atmospheric pressure, we observed an increase in right ventricular end-diastolic pressure without an increase in right ventricular end-diastolic dimension and an actual decrease in left ventricular end-diastolic size. We believe that these changes probably were due to an increase in the contact pressure between the lungs and the heart when the lungs are hyperinflated such that both ventricles' diastolic pressure-volume curves were changed. Similar increases in extracardiac contact pressure have been reported during studies of PEEP (Prewitt et al., 1979; Fewell et al., 1980 Fewell et al., , 1981 . We cannot rule out a direct interaction between both ventricles mediated by shifting of the interventricular septum, however, because we did not measure septal-free wall dimension.
Our data agree with those of Smith et al. (1982) and Cassidy et al. (1982) , who suggested that left ventricular volumes are reduced with either a small or variable change in left ventricular dimensions during PEEP therapy. They conflict with those of Jardin et al. (1981) , who suggested that the right Circulation Research/Vo/. 56, No. 1, January 1985 ventricle dilates and causes left ventricular compression directly within an intact pericardium. We believe, rather, that the elevated right ventricular enddiastolic pressures that we observed during lung hyperinflation probably reflects a compressive force that the lungs exert directly on the heart. The associated reduction in left ventricular end-diastolic dimensions without a change in left ventricular enddiastolic pressure suggests that the distensibility of both ventricles is affected. Although lung hyperinflation increased the gas volume of the lungs more than that usually produced by PEEP, our dogs did have open chests and, hence, a greater lung volume is required to observe an effect. The airway pressure we generated by lung hyperinflation is comparable to that seen with high levels of PEEP.
We have demonstrated that the nature of the pulmonary vascular intervention cannot be characterized simply by its effect on pulmonary artery pressure. We found three differences in the effects of pulmonary artery constriction and microvascular injury. First, the pulmonary artery constriction increased with the resistive component and characteristic impedance of right ventricular dynamic afterload, whereas microvascular injury increased only the resistive component. Second, our data suggest that pulmonary artery constriction may have changed left ventricular geometry, whereas microvascular injury did not. Third, microvascular injury reduced the amount and proportion of right ventricular pulsatile power, a potentially beneficial adaptation to increased load not manifest during pulmonary artery constriction.
Lung hyperinflation imposes a further burden on the heart, regardless of vascular intervention, by both increasing the pulmonary input resistance and limiting any increase in right ventricular preload to compensate for it. Therefore, models of pulmonary hypertension based on pulmonary artery banding do not reflect accurately the conditions existing when the pulmonary hypertension is created by a microvascular injury. The injury induced by infusing glass beads into the pulmonary circulation is a good experimental model of the clinical syndrome of noncardiogenic pulmonary edema for the study of cardiopulmonary interactions occurring in this situation.
